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Background: The tuatara (Sphenodon punctatus) is a species of extraordinary zoological interest, being the only
surviving member of an entire order of reptiles which diverged early in amniote evolution. In addition to their
unique phylogenetic placement, many aspects of tuatara biology, including temperature-dependent sex
determination, cold adaptation and extreme longevity have the potential to inform studies of genome evolution
and development. Despite increasing interest in the tuatara genome, genomic resources for the species are still
very limited. We aimed to address this by assembling a transcriptome for tuatara from an early-stage embryo,
which will provide a resource for genome annotation, molecular marker development and studies of development
and adaptation in tuatara.
Results: We obtained 30 million paired-end 50 bp reads from an Illumina Genome Analyzer and assembled them
with Velvet and Oases using a range of kmers. After removing redundancy and filtering out low quality transcripts,
our transcriptome dataset contained 32911 transcripts, with an N50 of 675 and a mean length of 451 bp. Almost
50% (15965) of these transcripts could be annotated by comparison with the NCBI non-redundant (NR) protein
database or the chicken, green anole and zebrafish UniGene sets. A scan of candidate genes and repetitive
elements revealed genes involved in immune function, sex differentiation and temperature-sensitivity, as well as
over 200 microsatellite markers.
Conclusions: This dataset represents a major increase in genomic resources for the tuatara, increasing the number
of annotated gene sequences from just 60 to almost 16,000. This will facilitate future research in sex determination,
genome evolution, local adaptation and population genetics of tuatara, as well as inform studies on
amniote evolution.
Keywords: Illumina sequencing, Transcriptome, De novo assembly, Sex determination, Repetitive elements, Tuatara,
Sphenodon punctatus, Reptile genomicsBackground
The advent of next-generation sequencing technology
has made it possible to gather large amounts of genomic
information from non-model organisms at a fraction of
the time and effort previously required [1]. Transcrip-
tome datasets (i.e. sequences from expressed genes only)
can provide a tractable entry into genomic analysis for
species which do not have a close relative with a full* Correspondence: hilary.miller10@gmail.com
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reproduction in any medium, provided the orgenome sequence [2]. These datasets comprise a smaller
subset of sequence, with fewer repetitive elements, in-
tron or intragenic sequences that make assembly of full
genomes difficult. Transcriptomes thus require fewer
computational resources for assembly than full genomes,
can be annotated by comparison with protein sequences
from even distantly related species, and have a high
functional information content.
Creation of a reference transcriptome can facilitate
whole genome annotation, molecular marker develop-
ment and studies of development or adaptation in non-
model organisms. Previous studies have used transcrip-
tome datasets to identify candidate genes for biologicallytd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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specific environments [5,6], and to develop microsatellite
and single nucleotide polymorphism (SNP) markers for
genomic mapping and population genetic surveys [7,8].
The tuatara (Sphenodon punctatus) is a species of ex-
traordinary evolutionary and physiological interest, yet
has few existing genomic resources. They are the only
surviving member of the reptilian order Rhynchocepha-
lia (also known as Sphenodontia), which diverged from
other reptilian orders approximately 250 million years
ago. Rynchocephalids are regarded as the sister group of
the squamates, based on morphological and genetic ana-
lyses [9,10] and were globally widespread until the late
Cretaceous (65–80 million years ago) [11].
In addition to being one of the most phylogenetically
divergent vertebrate lineages, tuatara have several dis-
tinctive physiological traits which make them a useful
model for studies of genome evolution and development.
They have a rare pattern of temperature-dependent sex
determination, where males are produced at high tem-
peratures [12]; an unusual thermal biology, being cold-
adapted with a low optimal body temperature range for
a reptile (16-21°C) [13-15]; and a low metabolic rate
[14]. They are also extremely long-lived, probably living
to over 100 years [16,17], have a long generation time
(sexual maturity at 14 years, mean generation interval
50 years) [18,19], and a low reproductive output, with
females reproducing only every four years on average
[18].
Tuatara are now restricted to offshore islands around
New Zealand, and many populations are small, genetic-
ally distinct, and at risk of extinction [20,21]. Climate
change poses a particular risk to tuatara populations
because of their cold-adapted metabolism and the like-
lihood of male-biased populations at higher tempera-
tures [22]. Establishing new populations is therefore a
central part of tuatara conservation management [20],
but requires detailed information on the genetic re-
latedness of existing populations and adaptation to
local environments. Understanding local adaptation, in-
cluding differences in disease resistance, thermal toler-
ance, and the interaction of temperature-dependent
sex determination and nesting behaviour will be crucial
to successful management of tuatara in the face of cli-
mate change.
Interest in tuatara genomics is increasing and the con-
struction of a tuatara BAC library has facilitated initial
characterisation and mapping of the tuatara genome
[23-25]. A limited number of microsatellite, major histo-
compatibility complex and mitochondrial markers are
available for tuatara [26-29], but the species is still
poorly characterised at the molecular level. Prior to this
study, only 60 partial or full mRNA sequences for tua-
tara were available on Genbank.Here we have used Illumina sequencing to assemble a
partial transcriptome dataset from a tuatara embryo. Al-
though most transcriptome studies from non-model
organisms (e.g. [1,8,30,31]) have used 454 pyrosequen-
cing because of the longer read length (>200 bp) pro-
duced from this type of sequencer, several recent studies
have successfully performed de novo assembly of tran-
scriptome data from Illumina reads ranging from 35 to
100 bp in length [3,32-35]. Although the read lengths
produced are shorter, Illumina sequencers produce more
sequence, at lower cost, than the 454 platform [36]. The
greater sequence coverage obtained with Illumina facili-
tates the assembly of transcripts and enables rare tran-
scripts to be identified. We assembled 30 million paired
50 bp reads into 32911 contigs, almost half of which
could be annotated by comparison with sequences in the
NCBI NR or UniGene databases. Our primary goal was
to produce a reference set of mRNA sequences for tua-
tara, which will facilitate annotation of the tuatara gen-
ome and future studies of sex determination, local
adaptation, genome evolution and population genetics of
tuatara.
Results and discussion
Sequencing of tuatara embryo mRNA on the Illumina
Genome Analyzer II yielded a total of 1.5 Gbp of mRNA
sequence from approximately 30 million paired-end
50 bp reads. Raw reads are available at the NCBI Short
Read Archive under accession number SRA051647.
The Q20 percentage (percent of reads with mean error
rate <1%), N percentage (percentage of ambiguous “N”
bases), and GC percentage for the raw reads was 90.5%,
0.1% and 52.2%, respectively. Reads were quality fil-
tered by trimming off bases with a Phred quality score
<13, and then removing reads that were less than 25 bp
long. This resulted in a total of 6,231,241 reads (20%)
being removed, leaving 20,036,470 paired reads and
4,050,839 single reads. Mean read length after trimming
was 38 bp (median read length 46 bp), and the Q20%
increased to 99.9%. Although this quality filtering re-
moved a large amount of sequence, removal of low qua-
lity bases is likely to result in a more accurate assembly
[37].
De novo assembly
The trimmed sequence reads were assembled into
35,680 transcripts using Velvet and Oases by merging
individual assemblies produced with a range of kmers
(21–41). Oases clusters transcript isoforms into putative
loci [38]. However, because we aimed to produce a non-
redundant set of mRNA sequences for tuatara rather
than study alternative splicing, we used a python script
to choose the longest and/or highest coverage transcript
for each locus prior to merging individual kmer
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HIT-EST [39]. Thus, when we refer to transcripts in this
study, we are referring to the representative transcripts
chosen for each locus. Table 1 gives summary statistics
for each kmer assembly before and after representative
transcripts were chosen, and for the final merged set of
transcripts.
Assemblies at higher kmers (e.g. 29–41) used fewer
reads and had lower mean contig length than assemblies
at lower kmers (21 and 25), as after quality trimming
many reads were shorter than the kmer length for higher
kmers, so fewer reads were used in these assemblies.
However, assemblies using higher kmers contained tran-
scripts not captured at lower kmers, so the final merged
assembly had a greater diversity of transcripts overall.
The lower N50 and mean contig length of the merged
assembly compared with the 21 and 25 kmer assemblies
is due to the addition of shorter sequences from the
higher kmer assemblies.
Assembly validation and annotation
Assessing whether transcripts have actually assembled
correctly is problematic in the absence of a reference
genome, so we employed an internal validation method
of mapping quality-trimmed reads back to the assembly
in order to identify poor quality and potentially misas-
sembled transcripts. A total of 2,504 transcripts that ei-
ther had a mean coverage per base of less than 3, or
contained coverage gaps, were removed from the assem-
bly. We also removed 265 transcripts that wereTable 1 Summary statistics for individual and merged assemb
















For each kmer, data from both the initial Velvet/Oases assembly (Initial), and the as
(Representative) are shown. The “Merged” assembly is the result of merging represe
is after potentially misassembled transcripts were removed, and the “Annotated” se
length of overlap match between two reads in Velvet; N50 = length-weighted medidentified by RepeatMasker as containing ribosomal
RNA sequences. The final dataset, which was used for
all subsequent analyses, now contained 32,911 tran-
scripts, with an N50 of 675 bp and a mean transcript
length of 451 bp (Table 1, “Final”). A FASTA file of these
transcripts is available as Additional file 1. Transcripts
range from 100 bp to 5,659 bp in length, with 3,264
transcripts over 1 kb (Figure 1A), and a mean coverage
per base, from mapping with BWA, of 18.26 (Figure 1B).
The mean transcript length in our study was similar to
that obtained in transcriptome studies for non-model
organisms using 454 data (e.g. guppy Poecilia reticulata,
464 bp [8]; European eel Anguilla Anguilla, 531 bp [30];
Flesh fly Sacrophaga crassipalpis, 332 bp [40]).
We further validated our assembly by assessing the se-
quence completeness and information content of our set
of transcripts. The Full-Lengther software identified 28.6%
of our transcripts as full length (8,818 transcripts), or
putative full length (607 transcripts). These transcripts
were predicted to contain the entire protein coding
region but may have incomplete 5` or 3` untranslated re-
gions. This result indicates that many of our transcripts
represent only fragments of genes, and further sequencing
will be required to increase the number of full-length
transcripts.
BLAST searches were performed to assess the percent-
age of transcripts that match known genes in other spe-
cies, and thus are likely to contain valid genes. We used
megablast to query the 60 known tuatara mRNA
sequences, and tblastx to compare our transcripts withlies
N50 Mean length Max length Total no. bases
844 525 5689 17,354,832
786 501 5659 14,561,997
746 491 5689 14,105,603
706 474 5659 12,660,658
615 431 5689 11,307,053
590 419 5659 10,488,297
488 363 5584 8,591,562
469 355 5584 8,148,996
369 311 5111 5,898,486
357 301 5111 5,664,511
281 263 5750 3,218,609
273 258 5750 3,122,927
747 479 5750 17,086,468
675 451 5659 14,828,283
927 586 5659 9,357,209
sembly containing only one representative transcript from each locus
ntative assemblies from different kmers using CD-HIT-EST, the “Final” assembly
t only contains transcripts with a significant BLAST match. Kmer = required
ian contig length.
Figure 1 Length distribution (A) and mean coverage per base (B) of assembled transcripts. White bars show data from all transcripts
(32,911 sequences), while grey bars show data from annotated sequences only (15,965 sequences). The line denotes mean length (A) or coverage
(B) for all transcripts (dotted line), and annotated sequences only (solid line).
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sets. Thirty-four transcripts had significant matches to a
total of 32 different tuatara mRNA sequences. Most of
the existing tuatara mRNA sequences are only partial
coding sequences, and in many cases our sequences only
overlapped with a portion of this previously isolated
sequence. However in the regions of overlap, 73% of
transcripts had 95% or greater sequence identity. It is
difficult to assess whether sequence differences between
our transcripts and existing tuatara sequences represent
sequence errors. In many cases the differences likely re-
flect real genetic variation among individual tuatara, or
matches with related, but non-homologous genes.
In total, 14,748 transcripts had a significant match to
green anole, zebrafinch or chicken UniGene sequences,
with 5,183 transcripts matching all three. The highest
number of matches was to the chicken UniGene set,
with 41.2% (13,556) of our transcripts matching. The
zebrafinch UniGene set had the next highest number of
matches, with 29.8% (9,822) of our transcripts matching,
but only 21.4% (7,029) had matches in the green anole
UniGene set. Of the three UniGene sets we used for
comparison, the chicken set is most likely to represent
a complete transcriptome. This UniGene set is con-
structed from over 200 individual cDNA libraries and
has undergone more than 40 builds, compared with thegreen anole UniGene set which is constructed from only
7 libraries and has undergone only 3 builds. Thus, the
low number of matches with the green anole UniGene
set compared with that of chicken is probably due to the
fact that the green anole UniGene set is less complete
than that of chicken.
Of the 13,556 tuatara transcripts which matched the
chicken UniGene set, 6,968 matched unique chicken
genes suggesting that our transcripts represent nearly
7,000 individual genes. The assembly method we used
where assemblies produced from multiple k-mers are
merged, may result in the proliferation of duplicate con-
tigs. Although using CD-HIT-EST should have removed
the majority of these duplicates, there is still a possibility
that our dataset contains some redundancy. The BLAST
results against the chicken UniGene dataset indicates
that we do have instances where multiple transcripts
match a single chicken gene, but in most cases these
represent transcripts mapping to different parts of the
same gene, or paralogous tuatara sequences having the
same chicken gene as the best match. Few appear to be
the result of duplicates introduced by the assembly
process. As the entire chicken UniGene set (build #43)
contains 31,576 sequences our dataset covers about 22%
(= 6,968/31,576) of the transcriptome. This should be
regarded as a minimum estimate, as the large evolutionary
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means that many tuatara orthologues of chicken genes
would be too diverged to align.
We further annotated our sequences by searching the
NCBI non-redundant (NR) protein database using
blastx. We found that 12,930 sequences (39.3%) had
matches with an e-value of less than 1e-5. The species
with the highest number of top BLAST hits was the
green anole lizard (2,726 sequences), followed by
chicken (1,661 sequences), zebrafinch (1,143 sequences)
and turkey (1,087 sequences).
We compiled a dataset of “annotated” sequences from
those that had a significant match (e value less than 1e-
5) to either the NCBI non-redundant (NR) protein data-
base, the chicken, zebrafinch or green anole UniGene
sets, or to previously known tuatara transcripts. This
dataset contained 15,965 sequences, with an N50 of 927,
mean length of 586 bp, and mean coverage per base of
23.73 (Figure 1, solid bars). Of these sequences, 4,421
were full-length (27.7%). The longer mean length and
N50, and higher mean coverage of this dataset shows
that sequences with a BLAST match were longer and
likely to be of higher quality than those which did not
match any known sequences. The un-annotated
sequences may still be valid genes, but may have under-
gone a large amount of sequence divergence or be short
fragments of genes. Additional file 2 shows the top
BLAST hits to each database for each transcript.
The percentage of sequences that match known genes
in our study (48.5% matching either a UniGene set or
NCBI NR, and 39.3% matching NR only) compares
favourably with other studies on non-model organisms,
despite the fact that the tuatara is the most evolutionar-
ily distinct vertebrate for which a transcriptome has
been sequenced, sharing a most recent common ances-
tor with its closest relatives (lizards and snakes) about
250 million years ago. Other de novo transcriptome as-
sembly studies on non-model organisms have reported
BLAST matches for 20-46% of sequences, with e value
thresholds ranging from 1e-3 to 1e-6 [8,30,31,41-45].
Among other reptile transcriptome studies, 35.7% of
Burmese python, and 34% of garter snake transcripts
could be annotated using blastx to chicken, green anole
lizard and NCBI-NR databases [43]; and a study of brain
transcriptomes from the Nile crocodile, corn snake,
bearded dragon and red-eared turtle was able to match
36-46% of transcripts from these species to known se-
quences in Ensembl and UniGene databases [45].
We were able to annotate 11,599 of our transcripts
with Gene Ontogeny (GO) IDs using Blast2GO. Of
these, 9,758 were annotated with a biological process,
10,471 with a molecular function, and 10,458 with a cel-
lular component. A breakdown of the GO annotations
within each category is shown in Figure 2. As would beexpected in a developing embryo, a large number of
transcripts with molecular functions of binding (51.1%)
and transcriptional regulation (5.4%) were identified.
Our dataset also includes many sequences with bio-
logical process annotations that may be relevant to stud-
ies of sex determination and adaptation in tuatara,
including metabolism (15.8%), development (7.4%), re-
production (2%) and growth (1.3%).
Candidate genes and repeat content
A keyword search of our BLAST results to the NCBI
NR and UniGene databases showed that our dataset
contained several candidate genes which may be useful
for studies of tuatara local adaptation and sex determin-
ation (Table 2). We identified partial sequences for sev-
eral genes associated with immune function, including
major histocompatibility complex (MHC) genes and a
Toll-like receptor gene.
A search for genes known to be involved in sex deter-
mination and differentiation found Sox8, Sox9, and
Dax1, but no sign of DMRT1, WT1, Sf1, Aromatase,
Anti-mullerian Hormone, WNT4, or FoxL2. The initial
trigger for temperature-dependent sex determination in
reptiles is not known, and many of the genes listed
above are expressed as the gonads are differentiating
into male or female forms [46,47]. The embryo we used
in this study was sacrificed during the thermosensitive
period, the window of time when temperature deter-
mines the sex of the embryo, but before full differenti-
ation of the gonads. By switching the embryo from
female to male-producing temperatures for one week
during this time we had hoped to encourage expression
of both male and female differentiating transcripts.
However, the lack of major sex differentiating genes in
our dataset suggests that the sex-differentiating pathway
was not fully activated when our embryo was sacrificed.
It is also possible that switching from female to male-
producing temperatures switched off the expression of
female-differentiating genes. The presence of Sox genes
and Dax1 in our dataset indicates that these may play an
early role in sex differentiation in tuatara, but we were
not able to determine whether these genes are expressed
specifically in developing gonadal tissue.
We also searched for genes known to be upregulated
in response to temperature, including cold-inducible
RNA binding protein (CIRBP) and heat-shock proteins.
We found a single transcript matching the full-length
CIRBP gene. This transcript had high coverage (mean
coverage per base 1,589), suggesting it is highly
expressed. CIRBP is known to be induced by low
temperature in other species and acts as a translational
repressor [48]. In snapping turtles it is differentially
expressed in the gonads early in the sex determining
period, indicating a potential role in temperature-
Figure 2 Gene Ontology (GOslim) assignments for tuatara transcripts. Level 2 annotations are shown for the biological process and
molecular function graphs, and level 7 annotations for the cellular component graph.
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than 20 transcripts matching seven different types of
heat-shock protein (Hsp27, Hsp40, Hsp47, Hsp70,
Hsp70bp, Hsp75 and Hsp90). Heat shock proteins have
also been implicated in temperature-dependent sexdetermination, with sexually dimorphic expression of
Hsp27, Hsp70 and Hsp90 observed in American alligator
gonadal tissue [49]. In order to further elucidate the role
of these and other potential sex determination triggers,
future work should focus on transcriptome analysis of
Table 2 Candidate genes for immune function, sex differentiation and temperature-response found in our dataset
Gene Transcript ID Transcript length Match length Match identity Match accession
Immune genes
MHC class I 29_Locus_17662 136 136 96% DQ145788
29_Locus_8295 526 444 91% ABA42599
21_Locus_8663 1455 717 90% ABA42599
25_Locus_8701 642 567 88% ABA42600
33_Locus_20320 141 138 86% ABA42600
25_Locus_21578 159 105 62% ABA42599
21_Locus_10540 222 216 50% ABB92561
MHC class II β chain 21_Locus_1538 921 420 99% DQ124231
29_Locus_1474 231 231 94% DQ124232
MHC class II α chain 21_Locus_7902 232 222 74% AF256650
29_Locus_2120 133 111 92% AF256650
MHC class II DM α chain 21_Locus_1203 963 648 43% AEC52935
21_Locus_6166 155 144 60% ACY01474
Toll-like receptor 2 21_Locus_29589 125 123 98% ABU95017
Putative sex-differentiation genes
Sox8 25_Locus_11477 766 222 97% AAO39011
25_Locus_1895 162 162 93% ABB02374
21_Locus_14808 309 252 79% AAO49746
Sox 9 21_Locus_21814 173 173 100% AY168558
21_Locus_18139 167 165 98% ACU12331
21_Locus_24105 142 67 100% AY168558
Dax1 21_Locus_20366 134 117 92% ABQ88373
Temperature-responsive genes
CIRBP 37_Locus_775 500 252 82% XP_003224509
HSP27 21_Locus_6322 1028 543 82% XP_002190077
33_Locus_379 827 606 75% XP_002194703
HSP40 (DnaJ) 21_Locus_336 1887 1233 97% NP_001005841
21_Locus_2214 2001 1014 83% XP_003217107
HSP47 25_Locus_2437 1689 1212 90% BAF94140
HSP70 21_Locus_6649 1124 1113 96.5% AEO13403
25_Locus_13016 548 429 92% EAY98319
21_Locus_13133 369 369 90% ADD69959
21_Locus_4641 3563 2406 90% XP_003210546
25_Locus_21367 271 270 89% XP_002193237
HSP70BP 25_Locus_4659 1484 693 81% NP_001025928
25_Locus_5331 1431 696 84% XP_003226240
HSP75 21_Locus_7217 2174 1566 90% BAF94145
HSP90 33_Locus_89 2694 1230 + 372 98% AF275719
21_Locus_16233 979 975 90% BAD95027
21_Locus_31051 139 138 96% AAD11550
The accession number for the top BLAST hit is given. Not all matches for heat-shock proteins are shown. CIRBP = Cold-inducible RNA binding protein.
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both before, during and after the thermosensitive period.
The tuatara genome is known to contain a large num-
ber and diversity of repetitive elements [50], so we used
RepeatMasker to determine whether these are tran-
scribed into RNA. A total of 1,803 repetitive elements
and 1,072 regions of low complexity were identified in
our dataset, comprising 1.4% of the overall sequence
(Table 3). Retroelements made up 0.75% of the sequence
(792 elements), including 488 long interspersed repeats
(LINEs), 177 short interspersed repeats (SINEs) and
127 long terminal repeat (LTR) elements. The most
commonly found retroelement was the chicken repeat 1
(CR1, 342 elements), but 26 L1 and 119 L2 elements
were also present. CR1, L1 and L2 have previously been
identified in the tuatara genome, as have all of the LTR
elements identified in this study [50]. Other repetitive
elements found in this study included DNA transposons
(7 types), satellites and simple sequence repeats (micro-
satellites). Repetitive elements account for 30% of the
green anole lizard genome [51] and 30-50% of mam-
malian genomes [52], and are known to modulate theTable 3 Summary of repeats identified in tuatara
transcripts







Retroelements 792 112,220 0.75
SINES: 177 19,814 0.13
LINES: 488 76,335 0.51
L2/CR1/Rex 459 72,305 0.48
RTE/Bov-B 3 160 0.001
L1/CIN4 25 3,655 0.025
LTR elements: 127 16,071 0.11
Bel/Pao 1 54 0.0004
Ty1/Copia 6 1,490 0.01
Gypsy/DIRS1 65 10,075 0.07
Retroviral 52 4,252 0.03
DNA transposons 105 11,133 0.07
Hobo-Activator 30 1,698 0.01
Tc1-IS630-Pogo 6 732 0.005
PiggyBac 15 2,039 0.01




Small RNA* 61 7,028 0.05
Satellites 44 5,917 0.04
Simple repeats 786 30,947 0.21
Low complexity 1072 48,337 0.32
* tRNA and snRNA sequences (rRNAs removed).expression of nearby genes, for instance by providing an
alternative promoter or by repressing transcription
[52,53]. Although many repetitive elements are not
expressed, transcriptionally active repetitive elements
have been identified in other transcriptomes, including
those of plants [41], Drosophila [54], humans [55] and
snake venom glands [4] and liver [56]. Reptile genomes
contain a wider variety of repetitive elements than those
of birds or mammals, and tuatara appear to have a
higher diversity of repeat types than other birds and rep-
tiles studied to date, which is consistent with their low
metabolic rate, large genome size and long divergence
time from other reptiles [50]. The number of transcribed
repetitive elements in the tuatara genome may be much
higher than what we measured here, as repetitive DNA
is known to be difficult to assemble, especially from
short reads. Thus many of the reads that were not used
in our assembly might contain repetitive elements.
Using Msatcommander, we found 137 dinucleotide, 55
trinucleotide and 23 tetranucleotide microsatellites
longer than 20 bp, across 208 transcripts. Eight tran-
scripts contained more than one microsatellite. This
shows that our dataset is a rich source of microsatellites
which could potentially be useful for studying popula-
tion genetic structure, demography and the genetic basis
of local adaptation in tuatara. Previous studies have
characterised a total of 18 microsatellite markers for tua-
tara [26,57,58] but their location in the genome, and po-
tential linkage with functional genes is unknown.
Although the microsatellites identified here will require
further testing to determine their utility as markers, our
dataset has the potential to increase the number of mar-
kers available for tuatara by several-fold, and to provide
a source of markers linked to known genes which may
be useful for assaying functional variation and detecting
selection [2].
Conclusions
Our study provides a first insight into the tuatara tran-
scriptome, increasing the number of annotated tuatara
mRNA sequences from 60 to almost 16,000. Our results
show the utility of using Illumina short-read data to as-
semble a transcriptome for a non-model, evolutionarily
distinct organism. Even though the read length in our
study was short (25–50 bp after removal of poor quality
data), the depth of coverage was sufficient to assemble
more than 9,425 full-length transcripts and an additional
23,486 partial transcripts, with a mean transcript length
similar to that obtained from transcriptomes produced
from 454 data and a large number of long transcripts
(3264 greater than 1 kb in length).
Although our assembly appears to be of reasonable
quality based on transcript metrics such as N50, mean
length, and coverage, determining whether transcripts
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lenge. Not only are tuatara 250 million years removed
from their closest relatives the squamate reptiles [10],
but reptiles are poorly represented in genome studies in
general. At the time of writing, a full genome sequence
is only available for one reptile, the green anole lizard
[51], and transcriptome data is only available for a hand-
ful of species, the majority of which are squamate rep-
tiles [42,43,45]. We employed quality filtering both
before and after assembly to increase the probability that
only correctly assembled sequences were included in our
final dataset. Although this process removed a lot of se-
quence from our dataset, we were able to match nearly
half of the assembled transcripts with known genes, des-
pite the lack of comparative resources, indicating that
our dataset contained a high proportion of correctly
assembled genes.
As one of the few transcriptomes available for a non-
squamate reptile the dataset assembled here will help fill
the void of reptile genomic resources and provide key
information for studies of amniote evolution. With other
reptile genome projects planned or currently in progress
[59-62], including one for tuatara (N. Gemmell, pers
comm), a new age of reptile genomics is underway
[45,63,64]. As one of the earliest-diverging reptile
lineages, and the sole representative of one of the four
reptilian orders, genomic data for tuatara will be essen-
tial for understanding the structure of the ancestral am-
niote genome and the evolution of key biological
systems, such as those involved in sex differentiation,
immunity, cold adaptation and metabolism. The tuatara
transcriptome assembled in this study can be used as a
reference for future studies of gene expression in tuatara
and for annotation of the tuatara genome; and contains
candidate genes and genetic markers that will be a useful
resource for future studies of tuatara biology and
ecology.
Methods
Sample preparation and sequencing
We used mRNA from an early-stage embryo to build
the transcriptome, as we were particularly interested in
finding genes associated with temperature-dependent
sex determination. This work was carried out under
New Zealand Department of Conservation permit #NM-
17163-DOA and Victoria University of Wellington Ani-
mal Ethics Committee permit #2009R12. A single Sphe-
nodon punctatus egg, laid by a captive tuatara of
Stephens Island, Marlborough Sounds origin, was in-
cubated at 20°C (female-producing temperature) for
8 weeks after laying, then switched to 23°C (male-pro-
ducing temperature) for one week before sacrificing.
Eggs were switched between incubation temperatures in
order to promote expression of both female and malesex-differentiating transcripts, as a previous study indi-
cated that the thermosensitive period for tuatara occurs
around this time [65].
The whole embryo was divided into head, trunk and
tail – further dissection of individual organs was not
practical given the embryo’s early stage of development.
Total RNA was extracted from each tissue section using
Trizol (Invitrogen). After phase extraction with Trizol
and chloroform, an equal volume of 75% ethanol was
added to the aqueous phase, and this mixture was ad-
ded to a HighPure RNA Isolation column (Roche). Pu-
rification of RNA from the column was performed
according to the manufacturer’s instructions. Illumina se-
quencing was performed by the Massey Genome Service
(Palmerston North, New Zealand). Head, trunk and tail
mRNA libraries were prepared using the mRNA-Seq sam-
ple prep kit (Illumina, San Diego, CA, USA), and pooled
in equimolar amounts before loading onto one lane of an
Illumina flow cell. Paired end sequencing was performed
on an Illumina Genome Analyzer II, and sequences were
initially processed using the Illumina Pipeline Software.
Sequences were filtered for low quality reads using the
DynamicTrim and LengthSort Perl scripts within Solex-
aQA [37]. These scripts trimmed each read to the long-
est contiguous read segment for which the quality score
at each base was greater than p = 0.05 (approximately
equivalent to a Phred score of 13), and then removed se-
quence reads shorter than 25 bp respectively. Where
one sequence of a pair was removed, the remaining se-
quence was put into a separate file and used as a single-
ton during de novo assembly.
De novo sequence assembly
Sequence assembly was performed using Velvet v1.1.04
[66] and Oases v0.1.21 [38] using a coverage cutoff of 5
and discarding transcripts shorter than 100 bp. Compar-
isons of short-read assembly programs have shown these
two programs to be effective at producing quality assem-
blies of short-read transcriptome data [3,34]. Velvet uses
de-Bruijn graphs for sequence assembly and is specific-
ally designed for short-read sequences. Oases takes the
preliminary assembly produced by Velvet and clusters
the contigs into loci, then exploits the read sequence
and pairing information to produce transcript isoforms.
Thus, one or more transcript isoforms may be present
for each locus.
Because transcriptome coverage is highly variable de-
pending on the expression level of the gene, there is no
one kmer length that will provide an optimal assembly
for a transcriptome [67]. Highly expressed transcripts
will assemble better with high kmer lengths, while
poorly expressed transcripts will be better assembled if
low kmer lengths are used. Thus, we ran Velvet and
Oases using a range of kmers [21,25,29,33,37,41], and
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redundant set of contigs. Assemblies were merged using
a variation on the “additive multiple-k” method pro-
posed by Surget-Groba and Montoya-Burgos (2010),
which uses CD-HIT-EST [39] to cluster transcripts on
the basis of sequence similarity and retain only the long-
est transcript from each cluster. As our aim, in the first
instance, was to produce a non-redundant set of mRNA
sequences for tuatara rather than study alternative spli-
cing, we chose one representative transcript from each
locus prior to clustering. This was done using a python
script (Adrian Reich, pers comm.) which chooses the
best transcript on the basis of coverage and sequence
length. The representative transcripts for each kmer as-
sembly were then combined into one fasta file and clus-
tered using CD-HIT-EST with a sequence similarity cut-
off of 95%.Assembly validation and annotation
In order to identify potentially misassembled transcripts,
the reads were mapped back to the assembled tran-
scripts using BWA version 0.5.9rc1 [68]. Paired and sin-
gle reads were mapped separately then the resulting
BAM files were merged using Samtools version 0.1.17
[69]. Mapping results were visualised using the Integra-
tive Genomics Viewer (IGV) version 2.0 [70]. The geno-
me Coverage Bed application within BED Tools version
2.12.0 [71] was used to calculate read coverage at each
base. Transcripts with a mean coverage per base of less
than 3 were removed from the assembly, as were tran-
scripts that appeared to have been misassembled (i.e.
two contigs have been incorrectly joined in one tran-
script). Where transcripts have been misassembled there
will be a drop in coverage over the incorrectly assembled
region, as few reads will span this region. To identify
and remove these transcripts from our dataset, we used
a custom Perl script which identified transcripts contain-
ing bases where the coverage dropped to one tenth of
the mean coverage for that transcript.
Sequence completeness was assessed using Full-
Lengther v0.15 [72], which uses a combination of
BLAST searches against UniProt and the NCBI non-
redundant (NR) database, and ORF prediction to assess
whether transcripts contain the entire protein coding
region.
The information content of our assembly was assessed
using BLAST searches against existing tuatara mRNA
sequences and UniGene sets for the green anole lizard,
zebrafinch and chicken. UniGene sets were downloaded
from Genbank and BLAST searches were performed
using tblastx with an e-value cut-off of 1e-5. BLAST
searches against tuatara mRNAs were performed using
megablast with an e-value cut-off of 1e-5.BLAST searches against the NCBI NR protein data-
base were performed using Blast2GO version 2.5.0, using
blastx with an e-value cut-off of 1e-5. All BLAST results
were saved as XML files and uploaded into a MySQL
database to facilitate calculation of summary statistics
and searches for specific genes. Candidate genes were
identified by searching the NCBI NR and UniGene
BLAST results for key words.
Gene ontogeny (GO) IDs were assigned to sequences
using Blast2GO, based on the blastx output. Annotation
was performed using an e-value cut-off of 1e-3, an anno-
tation score cut-off of 45, and a GO weight of 5. GO
annotations were grouped into GO-slim terms to sim-
plify the output for producing combined graphs. Com-
bined graphs for biological process, molecular function
and cellular component were then generated and nodes
containing less than 10 sequences were filtered out.
Transcripts containing repetitive elements were identi-
fied using RepeatMasker version open-3.3.0 [73]. Repeat-
masker was run in default mode with rmblastn version
2.2.25+, Repbase Update 20110419, and RM database
version 20110419. The query species was listed as “other
vertebrate”, and a GC content of 46-48% was specified.
The transcripts were further screened for di, tri and
tetra-nucleotide microsatellite repeats using msatcom-
mander [74]. The number of repeat units was set at 10,
7 and 5 for di, tri and tetra-nucleotide repeats, respec-
tively, so only microsatellites greater than 20 bp were
identified.
Additional files
Additional file 1: FASTA file of assembled transcripts (after removal
of potentially misassembled transcripts).
Additional file 2: Comma-separated file (.csv) of BLAST results. The
top BLAST hit against NCBI-NR, and Anolis, zebrafinch and chicken
UniGene sets is shown, as is the result of the Full-Lengther analysis.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
HM and NN designed the study. PB assisted with bioinformatics analyses, CV
prepared sample and facilitated Illumina sequencing, NN procured sample
and performed embryo incubations. HM performed bioinformatics analyses
and drafted the manuscript, and all authors contributed to editing the
manuscript. All authors read and approved the final manuscript.
Acknowledgements
Thanks to Marc Hasenbank for production of the MySQL database, Lesley
Collins for bioinformatics advice, and Andy Douglas for assistance with
sample preparation. This study was supported by the Ngāti Koata no
Rangitoto ki te Tonga Trust and the New Zealand Department of
Conservation, and funded by the Allan Wilson Centre for Molecular Ecology
and Evolution. CV acknowledges support from the Alexander-von-Humboldt
foundation.
Author details
1Allan Wilson Centre for Molecular Ecology and Evolution, School of
Biological Sciences, Victoria University of Wellington, PO Box 600, Wellington
Miller et al. BMC Genomics 2012, 13:439 Page 11 of 12
http://www.biomedcentral.com/1471-2164/13/4396140, New Zealand. 2Infectious Disease Research Centre (IDReC), Institute of
Veterinary, Animal & Biomedical Sciences, Massey University, Private Bag
11-222, Palmerston North, New Zealand. 3Allan Wilson Centre for Molecular
Ecology and Evolution, Institute of Molecular BioSciences, Massey University,
Private Bag 11 222, Palmerston North, New Zealand.
Received: 17 April 2012 Accepted: 24 August 2012
Published: 31 August 2012
References
1. Vera JC, Wheat CW, Fescemyer HW, Frilander MJ, Crawford DL, Hanski I,
Marden JH: Rapid transcriptome characterization for a nonmodel
organism using 454 pyrosequencing. Mol Ecol 2008, 17(7):1636–1647.
2. Ekblom R, Galindo J: Applications of next generation sequencing in
molecular ecology of non-model organisms. Heredity 2011, 107(1):1–15.
3. Ness R, Siol M, Barrett S: De novo sequence assembly and
characterization of the floral transcriptome in cross- and self-fertilizing
plants. BMC Genomics 2011, 12(1):298.
4. Durban J, Juarez P, Angulo Y, Lomonte B, Flores-Diaz M, Alape-Giron A, Sasa
M, Sanz L, Gutierrez J, Dopazo J, et al: Profiling the venom gland
transcriptomes of Costa Rican snakes by 454 pyrosequencing. BMC
Genomics 2011, 12(1):259.
5. Voelckel C, Mirzaei M, Reichelt M, Luo Z, Pascovici D, Heenan PB, Schmidt S,
Janssen B, Haynes PA, Lockhart PJ: Transcript and protein profiling identify
candidate gene sets of potential adaptive significance in New Zealand
Pachycladon. BMC Evol Biol 2010, 10:151.
6. Ranjan A, Nigam D, Asif MH, Singh R, Ranjan S, Mantri S, Pandey N, Trivedi I,
Rai KM, Jena SN, et al: Genome wide expression profiling of two
accession of G. herbaceum L. in response to drought. BMC Genomics 2012,
13:94.
7. Santure A, Gratten J, Mossman J, Sheldon B, Slate J: Characterisation of the
transcriptome of a wild great tit Parus major population by next
generation sequencing. BMC Genomics 2011, 12(1):283.
8. Fraser B, Weadick C, Janowitz I, Rodd H, Hughes K: Sequencing and
characterization of the guppy (Poecilia reticulata) transcriptome. BMC
Genomics 2011, 12(1):202.
9. Rest JS, Ast JC, Austin CC, Waddell PJ, Tibbetts EA, Hay JM, Mindell DP:
Molecular systematics of primary reptilian lineages and the tuatara
mitochondrial genome. Mol Phylogenet Evol 2003, 29:289–297.
10. Hugall AF, Foster R, Lee MSY: Calibration choice, rate smoothing, and the
pattern of tetrapod diversification according to the long nuclear gene
RAG-1. Syst Biol 2007, 54(04):543–563.
11. Apesteguia S, Novas FE: Large cretaceous sphenodontian from Patagonia
provides insight into lepidosaur evolution in Gondwana. Nature 2003,
425:609–612.
12. Mitchell NJ, Nelson NJ, Cree A, Pledger S, Keall SN, Daugherty CH: Support
for a rare pattern of temperature-dependent sex determination in
archaic reptiles: evidence from two species of tuatara (Sphenodon).
Frontiers in Zoology 2006, 3:9.
13. Werner Y, Whitaker A: Observations and comments on the body
temperatures of some New Zealand reptiles. New Zealand Journal of
Zoology 1978, 5:375–393.
14. Thompson MB, Daugherty CH: Metabolism of Tuatara, Sphenodon
punctatus. Comp Biochem Physiol A Mol Integr Physiol 1998, 119(2):519–522.
15. Besson AA, Cree A: Integrating physiology into conservation: an approach
to help guide translocations of a rare reptile in a warming environment.
Animal Conservation 2010, 14:28–37.
16. Dawbin WH: The tuatara, Sphenodon punctatus: aspects of life history,
growth and longevity. In New Zealand Herpetology. Edited by Newman DG.
Wellington: New Zealand Wildlife Service; 1982:237–250.
17. Castanet J, Newman DG, Saint Girons H: Skeletochronological data on the
growth, age, and population structure of the tuatara, Sphenodon
punctatus, on Stephens and Lady Alice Islands, New Zealand.
Herpetologica 1988, 44(1):25–37.
18. Cree A, Cockrem JF, Guillette LJJ: Reproductive cycles of male and female
tuatara (Sphenodon punctatus) on Stephens Island, New Zealand. Journal
of Zoology, London 1992, 226:199–217.
19. Allendorf FW, Luikart G: Conservation and the genetics of populations.
Malden, MA: Blackwell Publishing; 2007.
20. Gaze P: Tuatara Recovery Plan 2001–2011. Wellington: Department of
Conservation; 2001.21. Hay J, Sarre S, Lambert D, Allendorf F, Daugherty C: Genetic diversity and
taxonomy: a reassessment of species designation in tuatara (Sphenodon:
Reptilia). Conservation Genetics 2010, 11:1063–1081.
22. Mitchell NJ, Kearney MR, Nelson NJ, Porter WP: Predicting the fate of a
living fossil: how will global warming affect sex determination and
hatching phenology in tuatara? Proceedings of the Royal Society B-Biological
Sciences 2008, 275(1648):2185–2193.
23. Wang Z, Miyake T, Edwards SV, Amemiya CT: Tuatara (Sphenodon)
genomics: BAC library construction, sequence survey and application to
the DMRT gene family. Journal Of Heredity 2006, 97(6):541–548.
24. Organ CL, Moreno RG, Edwards SV: Three tiers of genome evolution in
reptiles. Integrative and Comparative Biology 2008, 48(4):494–504.
25. O’Meally D, Miller H, Patel HR, Marshall Graves JA, Ezaz T: The first
cytogenetic map of the Tuatara, Sphenodon punctatus. Cytogenet Genome
Res 2009, 127(2–4):213–223.
26. Aitken N, Hay JM, Sarre SD, Lambert DM, Daugherty CH: Microsatellite DNA
markers for tuatara (Sphenodon spp.). Conservation Genetics 2001, 2(2):183.
27. Hay JM, Daugherty CH, Cree A, Maxson LR: Low genetic divergence
obscures phylogeny among populations of Sphenodon, a remnant of an
ancient reptile lineage. Mol Phylogenet Evol 2003, 29:1–19.
28. Miller HC, Belov K, Daugherty CH: Characterisation of MHC class II genes
from an ancient reptile lineage, Sphenodon (tuatara). Immunogenetics
2005, 57:883–891.
29. Miller HC, Belov K, Daugherty CH: MHC class I genes in the tuatara
(Sphenodon spp.): Evolution of the MHC in an ancient reptilian order.
Mol Biol Evol 2006, 23(5):949–956.
30. Coppe A, Pujolar JM, Maes G, Larsen P, Hansen M, Bernatchez L, Zane L,
Bortoluzzi S: Sequencing, de novo annotation and analysis of the first
Anguilla anguilla transcriptome: EeelBase opens new perspectives for
the study of the critically endangered European eel. BMC Genomics 2010,
11(1):635.
31. Meyer E, Aglyamova GV, Wang S, Buchanan-Carter J, Abrego D, Colbourne
JK, Willis BL, Matz MV: Sequencing and de novo analysis of a coral larval
transcriptome using 454 GSFlx. BMC Genomics 2009, 10:219.
32. Collins LJ, Biggs PJ, Voelckel C, Joly S: An approach to transcriptome
analysis of non-model organisms using short-read sequences. In Genome
Informatics. Edited by Arthur J, Ng SK.; 2008:3–14. Vol 21.
33. Crawford JE, Guelbeogo WM, Sanou A, Traoré A, Vernick KD, Sagnon NF,
Lazzaro BP: De Novo transcriptome sequencing in Anopheles funestus
using Illumina RNA-Seq Technology. PLoS One 2010, 5(12):e14202.
34. Garg R, Patel RK, Tyagi AK, Jain M: De Novo Assembly of Chickpea
Transcriptome Using Short Reads for Gene Discovery and Marker
Identification. DNA Res 2011, 18(1):53–63.
35. Gruenheit N, Deusch O, Esser C, Becker M, Voelckel C, Lockhart PJ: Cutoffs
and k-mers: Implications from a transcriptome study in allopolyploid
plants. BMC Genomics 2012, 13(1):92.
36. Glenn TC: Field guide to next-generation DNA sequencers. Mol Ecol
Resour 2011, 11(5):759–769.
37. Cox M, Peterson D, Biggs P: SolexaQA: At-a-glance quality assessment of
Illumina second-generation sequencing data. BMC Bioinformatics 2010,
11(1):485.
38. Schulz MH, Zerbino DR, Vingron M, Birney E: Oases: Robust de novo RNA-
seq assembly across the dynamic range of expression levels.
Bioinformatics 2012, 28(8):1086–1092.
39. Huang Y, Niu B, Gao Y, Fu L, Li W: CD-HIT Suite: a web server for
clustering and comparing biological sequences. Bioinformatics 2010,
26(5):680–682.
40. Hahn D, Ragland G, Shoemaker D, Denlinger D: Gene discovery using
massively parallel pyrosequencing to develop ESTs for the flesh fly
Sarcophaga crassipalpis. BMC Genomics 2009, 10(1):234.
41. Parchman T, Geist K, Grahnen J, Benkman C, Buerkle CA: Transcriptome
sequencing in an ecologically important tree species: assembly,
annotation, and marker discovery. BMC Genomics 2010, 11(1):180.
42. Schwartz TS, Tae H, Yang Y, Mockaitis K, Van Hemert JL, Proulx SR, Choi JH,
Bronikowski AM: A garter snake transcriptome: pyrosequencing, de novo
assembly, and sex-specific differences. BMC Genomics 2010, 11:694.
43. Castoe T, Fox S, de Koning AJ, Poole A, Daza J, Smith E, Mockler T, Secor S,
Pollock D: A multi-organ transcriptome resource for the Burmese Python
(Python molurus bivittatus). BMC Research Notes 2011, 4(1):310.
44. Feldmeyer B, Wheat C, Krezdorn N, Rotter B, Pfenninger M: Short read
Illumina data for the de novo assembly of a non-model snail species
Miller et al. BMC Genomics 2012, 13:439 Page 12 of 12
http://www.biomedcentral.com/1471-2164/13/439transcriptome (Radix balthica, Basommatophora, Pulmonata), and a
comparison of assembler performance. BMC Genomics 2011, 12(1):317.
45. Tzika AC, Helaers R, Schramm G, Milinkovitch MC: Reptilian-transcriptome
v1.0, a glimpse in the brain transcriptome of five divergent Sauropsida
lineages and the phylogenetic position of turtles. Evodevo 2011, 2(1):19.
46. Shoemaker CM, Crews D: Analyzing the coordinated gene network
underlying temperature-dependent sex determination in reptiles.
Seminars in Cell &amp; Developmental Biology 2009, 20(3):293–303.
47. Rhen T, Schroeder A: Molecular mechanisms of sex determination in
reptiles. Sex Dev 2010, 4(1–2):16–28.
48. De Leeuw F, Zhang T, Wauquier C, Huez G, Kruys V, Gueydan C: The cold-
inducible RNA-binding protein migrates from the nucleus to cytoplasmic
stress granules by a methylation-dependent mechanism and acts as a
translational repressor. Exp Cell Res 2007, 313(20):4130–4144.
49. Kohno S, Katsu Y, Urushitani H, Ohta Y, Iguchi T, Guillette LJ: Potential
contributions of heat shock proteins to temperature-dependent sex
determination in the American alligator. Sex Dev 2010, 4(1–2):73–87.
50. Shedlock AM: Phylogenomic investigation of CR1 LINE diversity in
reptiles. Syst Biol 2006, 55(6):902–911.
51. Alfoldi J, Di Palma F, Grabherr M, Williams C, Kong LS, Mauceli E, Russell P,
Lowe CB, Glor RE, Jaffe JD, et al: The genome of the green anole lizard
and a comparative analysis with birds and mammals. Nature 2011,
477(7366):587–591.
52. Faulkner GJ, Kimura Y, Daub CO, Wani S, Plessy C, Irvine KM, Schroder K,
Cloonan N, Steptoe AL, Lassmann T, et al: The regulated retrotransposon
transcriptome of mammalian cells. Nat Genet 2009, 41(5):563–571.
53. Kines KJ, Belancio VP: Expressing genes do not forget their LINEs:
transposable elements and gene expression. Frontiers in Bioscience-
Landmark 2012, 17:1329–1344.
54. Deloger M, Cavalli FMG, Lerat E, Biemont C, Sagot MF, Vieira C:
Identification of expressed transposable element insertions in the
sequenced genome of Drosophila melanogaster. Gene 2009,
439(1–2):55–62.
55. Tyekucheva S, Yolken RH, McCombie WR, Parla J, Kramer M, Wheelan SJ,
Sabunciyan S: Establishing the baseline level of repetitive element
expression in the human cortex. BMC Genomics 2011, 12(1):495.
56. Castoe TA, Hall KT, Guibotsy Mboulas ML, Gu W, de Koning APJ, Fox SE,
Poole AW, Vemulapalli V, Daza JM, Mockler T, et al: Discovery of Highly
Divergent Repeat Landscapes in Snake Genomes Using High-
Throughput Sequencing. Genome Biol Evol 2011, 3:641–653.
57. Hay JM, Lambert DM: Microsatellite DNA loci identify individuals and
provide no evidence for multiple paternity in wild tuatara (Sphenodon:
Reptilia). Conservation Genetics 2008, 9(4):1039–1043.
58. MacAvoy ES, McGibbon LM, Sainsbury JP, Lawrence H, Wilson CA,
Daugherty CH, Chambers GK: Genetic variation in island populations of
tuatara (Sphenodon spp) inferred from microsatellite markers.
Conservation Genetics 2007, 8(2):305–318.
59. Haussler D, O'Brien SJ, Ryder OA, Barker FK, Clamp M, Crawford AJ, Hanner
R, Hanotte O, Johnson WE, McGuire JA, et al: Genome 10 K: A proposal to
obtain whole-genome sequence for 10 000 vertebrate species. Journal Of
Heredity 2009, 100(6):659–674.
60. Castoe TA, Bronikowski AM, Brodie ED, Edwards SV, Pfrender ME, Shapiro
MD, Pollock DD, Warren WC: A proposal to sequence the genome of a
garter snake (Thamnophis sirtalis). Stand Genomic Sci 2011, 4(2):257–270.
61. Castoe TA, de Koning APJ, Hall KT, Yokoyama KD, Gu WJ, Smith EN,
Feschotte C, Uetz P, Ray DA, Dobry J, et al: Sequencing the genome of the
Burmese python (Python molurus bivittatus) as a model for studying
extreme adaptations in snakes. Genome Biol 2011, 12(7):406.
62. St John JA, Braun EL, Isberg SR, Miles LG, Chong AY, Gongora J, Dalzell P,
Moran C, Bed'hom B, Abzhanov A, et al: Sequencing three crocodilian
genomes to illuminate the evolution of archosaurs and amniotes.
Genome Biol 2012, 13(1):415.
63. Janes DE, Organ C, Valenzuela N: New resources inform study of genome
size, content, and organization in nonavian reptiles. Integrative and
Comparative Biology 2008, 48(4):447–453.
64. Janes DE, Organ CL, Fujita MK, Shedlock AM, Edwards SV: Genome
evolution in reptilia, the sister group of mammals. Annu Rev Genomics
Hum Genet 2010, 11(1):239–264.
65. Nelson NJ, Moore JA, Pillai S, Keall SN: Thermosensitive period for sex
determination in tuatara. Herpetological Conservation and Biology 2010,
5(2):324–329.66. Zerbino DR, Birney E: Velvet: Algorithms for de novo short read assembly
using de Bruijn graphs. Genome Res 2008, 18(5):821–829.
67. Surget-Groba Y, Montoya-Burgos JI: Optimization of de novo
transcriptome assembly from next-generation sequencing data. Genome
Res 2010, 20(10):1432–1440.
68. Durbin R, Li H: Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics 2009, 25(14):1754–1760.
69. Durbin R, Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth
G, Abecasis G, Proc GPD: The Sequence alignment/map format and
SAMtools. Bioinformatics 2009, 25(16):2078–2079.
70. Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander ES, Getz G,
Mesirov JP: Integrative genomics viewer. Nat Biotech 2011, 29(1):24–26.
71. Quinlan AR, Hall IM: BEDTools: a flexible suite of utilities for comparing
genomic features. Bioinformatics 2010, 26(6):841–842.
72. Lara A, Pérez-Trabado G, Villalobos D, Díaz-Moreno S, Cantón F, Claros M: A
Web Tool to Discover Full-Length Sequences — Full-Lengther. In
Innovations in Hybrid Intelligent Systems, Volume 44. Edited by Corchado E,
Corchado J, Abraham A. Berlin/Heidelberg: Springer; 2007:361–368.
73. Smit A, Hubley R, Green P: RepeatMasker Open-3.0; 2011. http://www.
repeatmasker.org.
74. Faircloth BC: Msatcommander: detection of microsatellite repeat arrays
and automated, locus-specific primer design. Mol Ecol Resour 2008,
8(1):92–94.
doi:10.1186/1471-2164-13-439
Cite this article as: Miller et al.: De novo sequence assembly and
characterisation of a partial transcriptome for an evolutionarily distinct
reptile, the tuatara (Sphenodon punctatus). BMC Genomics 2012 13:439.Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
